Noise properties of beryllium delta-doped GaAs/AlAs multiple quantum wells, doped both above and below the Mott transition, are studied within the frequency range of 10 HzÀ20 kHz and at temperature from 77 K to 350 K. It is shown that the generation-recombination noise in structures close to the Mott transition exhibits two peaks-a frequency and temperature-dependent peak between 120 and 180 K and a broadband, frequency-and temperature-nearly independent peak around 270 K. Activation energies are estimated; origin of the broadband maximum is attributed to holes tunnelling into defect trap states located in the AlAs barrier/GaAs quantum well interface.
I. INTRODUCTION
Low-frequency noise spectroscopy is very powerful tool allowing to yield considerable information about nature of physical processes in various materials 1-3 and modern devices. [4] [5] [6] [7] [8] Low-frequency noise, such as random telegraph signals (RTS), generation-recombination (GR), and 1/f-type noise are related to defects and impurities in materials, in particular to fluctuations of free carriers in the sample owing to their emission and capture by localized states in defects. Superposition of many GR processes with widely distributed characteristic times leads to a 1/f noise spectrum, which intensity is proportional to a number of active centers. As a characteristic relaxation time of charge carriers in most cases is thermal activation-related and follows Arrhenius' law, this opens the possibility of making spectroscopic analyses of noise characteristics. 9 For instance, application of lowfrequency noise spectroscopy to high-temperature superconducting YBa 2 Cu 3 O 7 films enabled their characterization, determination of fluctuation sources 10 and nonthermal properties; 11 in organic semiconductors low-frequency current fluctuations provide deep insight on trapping-detrapping processes and their characteristic times as well as peculiarities in voltage-driven transition from Ohmic to insulating phase in space-charge-limited conditions. 12 Investigation of noise properties plays a key-role also in development of semiconductor nanostructures-based devices. For example, it is found that photocurrent noise power in photodetectors can be directly related to the carrier density and to photogeneration level, their features can be affected by potential-barrier fluctuations; 13 it is demonstrated that noise gain and photoconductive gain are related in quantum well infrared photodetectors (QWIPs), 14 and inhomogeneous charge distribution in a quantum well (QWs) structure alters intensity and frequency dependence of noise power spectrum. 15 Doped quantum wells and superlattices are essential components in many photonic devices-both emitters and detectors-designed for very promising in applications terahertz (THz) frequency range. 16 The doping profile and total doping density are key parameters, e.g., in GaAs-based THz quantum cascade lasers, as they strongly influence carrier transport, waveguide losses, and the emission wavelength.
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Vertical transport in GaAs/AlGaAs doped (QWs) also underpins THz QWIPs, with doping density strongly affecting performance. 18 Doped GaAs/AlAs QWs, both p-and n-type, can also be used for fast and broadband THz sensing applications through horizontal carrier transport effects. 19, 20 It is well known that impurities in QWs may be distributed smoothly, be tailored to exhibit specific doping profiles, or be concentrated in a sheet, forming so-called d-doped layer. Nature of the doping in QWs is influenced by the quantum well width, barrier height, impurity position, and concentration. There is a particular interest in highly d-doped semiconductors or quantum wells-in this case, the nature of the impurity states may change drastically, with strongly interacting impurities forming new states, which can lead to the formation of a two-dimensional carrier gas. 21 The electrical and optical properties of such structures also change, and understanding of these changes is extremely important in the design and development of devices or their components.
In GaAs, beryllium is the acceptor impurity of choice, as it displays relatively low levels of diffusion during growth. From a device standpoint, for instance in p-type QWIPs, the strong mixing between the light and heavy holes in the valence band at k 6 ¼ 0 permits normal incidence absorption, in contrast to n-type structures where this is forbidden by quantum-mechanical selection rules. 22 Fabrication of p-type QWIPS is therefore more straightforward, however, one needs to understand precisely the effect of the doping level and its profile on the noise (and related) properties of devices, in order to optimize the performance.
Recently, the possible applications of inter-subband transitions in beryllium doped GaAs/AlAs QWs for developing THz sensors and sources has stimulated extensive scientific interest. Acceptor binding energy in d-doped GaAs/AlAs multiple QWs have been studied, 23 the effect of quantum well confinement on acceptor state lifetime has been investigated, 24 and the dynamics of intra-acceptor level scattering have been examined using far-infrared pump-probe measurements. 25 Application of modulation spectroscopy has allowed estimation of internal built-in electric fields and broadening mechanisms, 26 discrimination between the origin of optical transitions below and close to the Mott transition, and demonstration that with increasing doping level phase space filling effects dominate over the Coulomb screening. 27 Photoluminescence (PL) and time-resolved PL spectra studies have also demonstrated acceptor-impurity induced effects in the (PL) line shapes dependent on the QW widths 28 and allowed one to investigate possible mechanisms for the carrier radiative recombination, both above and below the Mott metal-insulator transition. 29 In this work, we complement this family of experimental techniques by showing that low-frequency noise measurements are useful method to extract a large variety of information investigating beryllium d-doped GaAs/AlAs QWs. Through this, it is shown that the generation-recombination noise close to the Mott transition 30 exhibits two peaks-a frequency and temperature-dependent peak between 120 and 180 K, and a broadband, frequency-and temperature-nearly independent peak around 270 K. Activation energies of the former are estimated to range from 0.06-0.27 eV. It is proposed that the origin of the broadband peak is associated with holes tunnelling to trap states located in the AlAs barrier/ GaAs quantum well interface.
II. SAMPLES AND EXPERIMENTAL TECHNIQUES
Multiple quantum well (MQW) structures were grown by molecular beam epitaxy on a 1 lm undoped GaAs buffer layer, deposited on a semi-insulating GaAs substrates. The growth temperature for all structures was 650 C, as measured by an optical pyrometer. Four p-type Be-d-doped structures were studied; all have the same design as in Refs. 29 and 31:t h e well width is 15 nm, the wells are separated by 5 nm wide AlAs barriers, and each structure consists of 60 periods. The structures differ only in doping concentration at the center of the well: for No. 1, the sheet doping concentration is n Be ¼ 2. . Two terminal Ohmic contacts in the samples were fabricated by rapid annealing of Au/Cr alloys.
The spectral density of voltage fluctuations was measured in the frequency range from 10 Hz to 20 kHz at temperature range from 77 K to 350 K. The experimental system contains an extra-low-noise amplifier, filter system and analog-to-digital converter (National Instruments TM PCI 6115 board) ( Fig. 1(a) ). The noise signal was processed with a computer-based fast Fourier transform signal analyzer, and measurements were performed in a specially shielded room (Faraday cage) in order to avoid interfering effects from electrical network and communication systems.
During the voltage noise measurements, the load resistance was normally selected to be 30-50 times higher than the resistance of the sample in order to operate in a constant current mode. As the resistance of the sample No. 1 is relatively high, for measurements of sample No. 1 below room temperature the noise measurements were performed at constant voltage using a load resistance about 20-40 times smaller than that of the sample. A schematic design indicating the sample configuration and contacts is shown in Fig. 1(b) . The voltage fluctuations in the load resistance were then converted into the spectral density of voltage fluctuations of the sample. The spectral density of voltage fluctuations was evaluated by comparison with thermal noise of the reference resistor R ref as follows:
where V 2 , V 2 s , and V 2 ref are the sample, measuring system, and reference resistor thermal noise variances, respectively, 
083707-2
in the narrow frequency band Df; and T 0 is the absolute temperature of the reference resistor.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
Initially, the structures were characterized electrically. DC current-voltage characteristics (Fig. 2) ,i fo n e assumes a Be activation energy of 28 meV and the Bohr radius of 2.1 nm. 33 Hence, the doping concentration in sample No. 2 is in the Mott transition region. This can be seen from the dependencies of resistance on temperature (Fig. 3) ), where the doping significantly exceeds the Mott transition value.
The dependencies of the measured normalized spectral densities of voltage fluctuations S U =U 2 (where U is the voltage over the sample terminals) on temperature is presented in Fig. 4 for each sample at different frequencies. For the lightly doped sample (No. 1), the low-frequency noise level in the Mott transition region changes by over four orders of magnitude, but in the temperature range 77 K-210 K, it is almost constant. The low-frequency noise level at low temperatures for sample No. 2, with a doping concentration that is ten times higher, is about two orders of magnitude smaller than that for the sample No. 1. For comparison, the noise levels of two samples with the highest doping concentration (Nos. 
where s is the relaxation time of the GR process; a is the parameter, which defines the GR noise intensity. The maximum of the GR noise level is observed at temperature, when 2pfs ¼ 1. The dashed lines in Fig. 4 show the shift of the maxima of the noise levels for samples Nos. 3 and 4 observed in the temperature range 100 K-180 K to lower temperature with decreasing frequency. The peak observed in temperature range 250 K-320 K is caused by 1/f-type noise. Similar noise spectra have been observed in MOSFETs at low temperatures and were attributed to real-space transfer effects. 34 One can note that hole tunneling might also be responsible for such noise behavior on temperature, as has already been observed in GaN structures. 35 In order to obtain a deeper insight into the origin of these noise peaks, we performed additional noise spectra measurements. The low-frequency noise spectra as a function of frequency were measured at fixed temperature points. In this way, characteristic noise spectra at particular temperatures were obtained. Figure 5 shows data for samples Nos. 1 and 2. Figure 6 shows the noise spectra at different temperatures for samples Nos. 3 and 4, where the Lorentzian type spectra are clearly seen. Expanded views to emphasize the details are given in Figs. 6(b) and 6(d) .
The noise spectra at low doping (sample No. 1) are of 1/f-type (flicker noise) nature at all measured temperatures. This type of noise is usually due to superposition of relaxation-like and random pulse processes, and spectral density of such fluctuations can be described in the following way 
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where the quantity a i denotes low-frequency noise intensity and is related to the i-th recombination or capture center density. The distribution of relaxations times, s i , explains the low-frequency noise spectrum caused by different charge carrier recombination and/or trapping of energy levels in defects (fluctuators). These defects can be created during growth of the Be-d-doped GaAs and AlAs layers, and they produce a distortion of the energy of the band gap at interfaces between these layers. Every component of the expression (3), xs i =½1 þðxs i Þ 2 , has a maximum at temperatures when xs i % 1, as it clearly visible from Fig. 7 . One can note in addition results of works, 4, 36, 37 where it was shown that even in high purity silicon single crystal samples there are sufficient number of different recombination and charge carrier capture centers, which cause the 1/f-type noise. If the density of the one type of such centers or impurities exceeds the others, the Lorentzian type noise spectra are obtained.
The maxima obtained allow one to extract characteristic time constants and hence activation energies, assuming that the relaxation times have an activated character
where s 0 is characteristic relaxation time, DE i is the activation energy of the recombination center, and k is the Boltzmann constant.
In order to obtain the recombination (relaxation) time of the charge carriers and their dependence on temperature, it is convenient to multiply the voltage fluctuation spectral density ðS U =U 2 Þ by f. In this case, from the dependence of the peaks of normalized spectral density ðS U =U 2 Þf on frequency (Fig. 7) , one can determine the relaxation time, from 2pf 0 s ¼ 1 (here f 0 is the frequency of the normalized spectral density peak position on the frequency scale).
The determined relaxation time represents the effective time of charge carrier emission and capture by particular states in the investigated samples, and this dependency on inverse temperature is shown in Fig. 8 In order to understand the physics behind these observations and break it down into constituent parts, we quantitatively estimated the energy level structure for high doping levels in the d-doped layer 38 by numerically calculating the valence band structure using a self-consistent solution of the coupled Poisson and Schr€ odinger equations. 39, 40 In these calculations, we have used a simple model assuming that the dopant Be acceptors are homogeneously distributed over central part of the 15 nm wide QW. The calculated energy structure of the valence band of the QW for sample No. 3 is shown in Fig. 9 . From comparison of the activation energy presented in Fig. 8 with the calculated valence band energy levels, one can conclude that activation energies, obtained from noise spectra measurements are not related to the charge carrier transitions between QW energy levels in the valence band, but have an origin that relates with recombination or trap centers. Analysis of the noise spectra reveals two mechanisms: the first, hole are tunneling 41, 42 from Be atoms in a direction that is transverse to the current, i.e. into trap levels located close to the AlAs barrier; the second mechanism, holes are hopping into the other defect level in the GaAs/AlAs barrier interface. One can consider that due to the high doping, the profile of Be-doped d-layer spreads out 43 from the QW center towards the barriers through the undoped GaAs interface region. When the distance to the interface becomes 4 nm or lower-a distance shorter than the hole tunneling length 44 -light hole tunneling begins to dominate. Hence, holes are extracted from the conductance channel, causing modulation of the resistance of the QW and, as a consequence, producing the low-frequency noise. Note that this process is nearly insensitive of temperature.
The behavior with temperature can also be understood using Fig. 9 . At lowest temperature (for instance, at 77 K) the Fermi level is located below all defect levels. Therefore, the occupancy of traps levels is close to zero, and noise is relatively small. With the increase of temperature, the Fermi level moves up, and when it coincides with the relevant defect level, occupancy becomes equal to 0.5, and the noise reaches a maximum value (for instance, in Fig. 7 , this is T % 190 K for sample No. 3). With further increase in temperature, increase in the level occupation leads to reduction in the noise.
Since light holes can tunnel to the traps levels in the GaAs/AlAs barrier interface located close to d-doping layer, the noise spectrum, like in the McWhorter model 45 is of 1/f -type (Figs. 5 and 6 ).
IV. SUMMARY
The noise properties of Be doped GaAs/AlAs QWs, both above and below the Mott transition, have been investigated for temperatures varying from 77 K to 350 K and over the frequency range from 10 Hz to 20 kHz. Frequency-and temperature-dependent contributions to the generationrecombination noise in the structures close to the Mott transition is observed experimentally as a peak in temperature range 120 K-180 K. Estimated activation energies of the trap defect states are in the range from 0.06 eV to 0.27 eV. At temperatures around 270 K a broadband, frequency-and temperature-independent maximum was observed, which is caused by 1/f -type noise, and the origin of the broadband peak is attributed to holes tunneling to trap states in AlAs/ GaAs interface located close to the beryllium impurity d-layer, similar to the McWhorter model. 
